The microtubule-associated protein tau forms insoluble filaments that deposit as neurofibrillary tangles (NFTs) in the brains of those with Alzheimer's disease (AD) and other related neurodegenerative disorders. The presence of both NFTs and amyloid β (Aβ)-containing senile plaques within the brain is required to confirm the diagnosis of AD. However, the demonstration that familial AD can be caused by mutations that result in increased Aβ production has resulted in AD drug discovery strategies that are largely focused on reducing brain Aβ levels, with substantially less emphasis on tau-directed approaches. This trend may be changing, as there are an increasing number of research programs that are exploring ways to reduce NFTs in AD and related tauopathies. We briefly review recent advances in tau-based drug discovery, with an emphasis on the identification of compounds that inhibit the assembly of tau into multimers and fibrils.
INTRODUCTION
A definitive diagnosis of Alzheimer's disease (AD) requires the identification of two hallmark pathological features within autopsied brain; senile plaques composed of insoluble amyloid β (Aβ) peptides and neurofibrillary tangles (NFTs) comprised of tau protein aggregates (Hyman, 1997; Ball et al., 1997) . The discovery nearly two decades ago that familial AD can result from mutations in the amyloid precursor protein (APP) (George-Hyslop and Petit, 2005) from which Aβ peptides are proteolytically cleaved led to the formulation of the "amyloid hypothesis" of AD onset (Hardy and Selkoe, 2002) . Subsequent research which demonstrated that mutations in presenilin-1 and -2 also cause early-onset AD, and the discovery that these proteins play a role in APP cleavage and Aβ genesis (Selkoe and Wolfe, 2007) lent further credence to the amyloid theory of AD. As a consequence, the majority of AD drug discovery and development activities have been focused on identifying therapeutic agents that can reduce the levels of Aβ peptides and senile plaques. Several Aβ-directed drug candidates have now progressed to AD clinical testing, but to date none have been successful in pivotal phase III trials.
Relative to studies of Aβ involvement in AD, substantially less effort has been directed to understanding the role of tau-containing NFTs. For many years, some believed that the somatodendritic accumulations of tau in AD might simply be markers of dying neurons and not causal in disease onset. However, this viewpoint changed dramatically when it was discovered that inherited forms of frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17) resulted from mutations within the tau gene (Goedert, 2005 ; Goedert and Jakes, 2005; Hutton et al., 1998) . This provided evidence that alterations of tau could directly result in neurodegenerative disease, and suggested that the tau accumulations in AD brain could indeed be involved in disease onset and progression. Nonetheless, AD drug discovery programs aimed at minimizing the effects of pathologic tau still lag behind those focused on Aβ modulation. This is in part because the enzymes which cleave APP to yield Aβ have been identified (Hardy and Selkoe, 2002) , and these provide attractive drug targets to the pharmaceutical sector which has substantial experience in the development of enzyme inhibitors. Although pharmaceutical strategies to lower tau levels may arguably be more difficult than those directed to Aβ, there appears to be increased interest in tau-based drug discovery approaches. It is thus timely to review these recent tau-focused efforts, with a particular emphasis here on the identification of compounds that affect tau assembly into oligomers and/or fibrils. Lee et al., 1991) . The presence of intraneuronal tau aggregates is not restricted to AD and FTDP-17, but also occurs in a group of neurodegenerative diseases referred to as "tauopathies" that include progressive supranuclear palsy, corticobasal degeneration and Pick's disease Forman et al., 2004; Lee et al., 2001) . Tau is normally a highly soluble protein whose primary intracellular role appears to be the stabilization of microtubules (MTs) (Cleveland et al., 1977b; Cleveland et al., 1977a) . There are six isoforms of tau which are generated through alternative splicing of exons 2, 3 and 10, and the inclusion/ exclusion of exon 10 results in tau species that contain either three (3-R) or four (4-R) carboxylterminal MT-binding repeat motifs (Andreadis et al., 1992; Goedert et al., 1989) . The 4-R forms of tau appear to bind to MTs with greater affinity than the 3-R versions (Goedert and Jakes, 1990; Panda et al., 2003) , and in normal cells the amount of 4-R and 3-R tau species are approximately equal. Interestingly, many of the tau mutations identified in FTDP-17 occur within intronic regions that affect exon 10 splicing, leading to an increase of the 4-R:3-R tau ratio (Hutton et al., 1998; Hong et al., 1998b) . This increase of 4-R tau could lead to neuropathology through a change of MT dynamics that result from over-stabilization as FTDP-17 patients with exon 10 mutations were reported to show only 4-R tau within brain deposits (Spillantini et al., 1997 Wagner et al., 1996) . Moreover, increasing tau phosphorylation at certain residues also enhances its ability to aggregate (Alonso et al., 1996; Necula and Kuret, 2004 ).
TAU IN NEURODEGENERATIVE DISEASE

TAU-DIRECTED THERAPEUTIC STRATEGIES
Since tau-associated neuropathology likely results from reduced MT stabilization and/or the formation of toxic oligomers/fibrils, exploratory therapeutic strategies have been directed to these tau loss-of-function (LOF) and gain-of-function (GOF) mechanisms. Evidence for tau LOF has been demonstrated in transgenic mice expressing the smallest wild type human tau isoform (Ishihara et al., 1999; Zhang et al., 2005 )‥ These animals have reduced MT density and motor impairments which can be overcome by treatment with the MT-stabilizing agent, paclitaxel (Zhang et al., 2005) . More recently, a peptide-based MT stabilizer has also been shown to improve cognitive performance in a tau transgenic mouse model (Matsuoka et al., 2008) . While these studies provide important proof-of-principle, a challenge to this approach of compensating for tau LOF will be identifying drugs that have adequate central nervous system (CNS) exposure to stabilize affected axons without causing the peripheral side-effects, including myelo-suppression and neuropathy, that plague existing MT-directed oncology therapeutics.
The propensity of hyper-phosphorylated tau to aggregate and bind with lower affinity to MTs suggests that reducing tau phosphorylation in AD might provide therapeutic benefit. Several kinases are capable of phosphorylating tau in vitro, and a variety of data suggest that glycogen synthase kinase-3 (GSK-3), cell-cycle dependent kinase-5 (CDK5), extracellular signal-related kinase 2 (ERK2) and microtubule affinity-regulating kinase (MARK) may be the most relevant kinases in vivo (Mazanetz and Fischer, 2007; Churcher, 2006) . While not the focus of this review, a number of drug discovery programs have been initiated to identify selective tau kinase inhibitors for the treatment of AD (Mazanetz and Fischer, 2007; Barten and Albright, 2008) . Because these kinases are involved in many cellular processes, it remains to be seen whether inhibitors of tau phosphorylation can be identified that are both safe and efficacious.
Alternative approaches to reducing pathologic tau are also being pursued, with these efforts largely being undertaken in academic centers. For example, strategies to increase the activity of cellular pathways that can degrade misfolded or aggregated tau are being investigated. Literature reports indicate that inhibition of the molecular chaperone, heat shock protein 90 (HSP90), can reduce the levels of highly phosphorylated tau (Dickey et al., 2007; Dickey et al., 2006) and improve behavioral endpoints in transgenic mice that express human tau with one of the FTDP-17 mutations (Luo et al., 2007) . Moreover, there is emerging evidence that an up-regulation of cellular autophagy can result in a clearance of misfolded protein aggregates, including those comprised of tau (Williams et al., 2006; Hamano et al., 2008) . Finally, as discussed in greater detail below, several laboratories have identified compounds that can prevent the formation of tau oligomers/fibrils which are believed to be responsible for eliciting LOF and/or GOF neurotoxicity.
INHIBITORS OF TAU FIBRILLIZATION
The fibrillar tau deposits that are seen in AD and other tauopathies are readily stained by dyes such as thioflavine S (ThS) that recognize a cross-β-fibril structure that is common to all amyloids (Berriman et al., 2003; Margittai and Langen, 2004) . Fibril formation by tau and other amyloids appears to proceed through a common mechanism whereby oligomeric nucleating cores are formed during an initial lag-phase, followed by a period of rapid fibril growth (Morris et al., 2008) . As discussed, the precipitating events in AD that causes tau to assemble and fibrillize are not completely understood, but hyper-phosphorylation is a consistent distinguishing feature of pathological versus normal tau. Normal tau, which is largely unstructured in solution, can be made to fibrillize in vitro in the presence negatively charged co-factors such as heparin, fatty acid and other lipids, or RNA (Hasegawa et al., 1997; Chirita et al., 2003; Wilson and Binder, 1997) . These anionic molecules have been proposed to facilitate tau-tau interaction by inducing conformational changes that result from electrostatic interactions with positively charged basic residues in the protein (Perez et al., 1996; Goedert et al., 1996) , and thus tau hyper-phosphorylation might achieve a similar effect. However, it should be noted that others have proposed that anionic polymers such as heparin and lipids act to facilitate tau nucleation by presenting negatively-charged surfaces (Congdon et al., 2008) and it is not clear that tau hyper-phosphorylation mimics this mechanism of action.
A number of laboratories have taken advantage of the ability of full-length tau or shorter tau fragments to form fibrils under defined conditions, and have conducted experiments to identify compounds that inhibit this fibrillization process. It should be noted that the inhibition of protein-protein interactions of the type that occur during fibril assembly is considered quite challenging with small molecules due to the large protein surface areas involved. For example, there has been only modest success in the identification of non-peptide inhibitors of Aβ peptide fibrillization. The challenge of small molecule fibrillization inhibitors becomes even greater when searching for compounds that have the requisite properties of true drug candidates; i.e., that meet the standard physical-chemical properties of drugs (Lipinski, 2000) and which show good brain penetration, oral absorption and metabolic stability. Nonetheless, there is reason for cautious optimism regarding the inhibition of tau fibril assembly with small molecules. First, it is known that a change of a single amino acid residue within tau can prevent its ability to form fibrils (Li and Lee, 2006) , and thus it is conceivable that a small molecule that interacts at or near this site could affect tau assembly. Moreover, a number of structurally distinct compounds have been identified that inhibit tau fibril formation, albeit many with features which are not consistent with drug-like candidates.
One of the first compounds identified that blocked tau-tau interaction was the phenothiazine, methylene blue . This compound (Figure 1 ) was shown to partially disrupt the structure of isolated PHFs and subsequent studies showed that methylene blue could affect tau multimerization , although the assay that was utilized did not assess actual fibril formation. Interestingly, this dye molecule has now progressed into clinical testing in AD patients, and Phase II data presented at the 2008 International Conference on AD appear intriguing. In general, planar dye-like compounds have not been thought of as likely drug candidates, in part because they frequently show non-specific interactions with multiple protein targets. In addition, colored compounds can complicate the conduct of clinical trials if they can be detected upon excretion since patients on drug can be distinguished from those receiving placebo.
Another compound, a cyanine dye termed N744 (Figure 1) , was found to inhibit arachidonic acid-induced fibrillization of full-length 4-R tau, and sub-stoichiometric amounts of this compound caused disaggreagation of pre-formed tau filaments (Chirita et al., 2003 ). An analysis of the time-course and dose-dependency of N744 suggested that it inhibits tau filament extension but not its nucleation . Interestingly, this compound and certain other dye-like molecules form aggregates at higher concentrations that enhance tau fibrillization (Congdon et al., 2007) . This feature complicates the potential use of such compounds in vivo since excessive dosing could result in drug levels that worsen tau pathology. Whereas aggregation of N774 reduced its ability to inhibit tau fibrillization, in other cases it is the formation of compound aggregates that results in the inhibition of amyloid fibril formation .
In a small screen of 42 compounds, Taniguchi and colleagues identified molecules from several chemical classes that inhibited heparin-facilitated fibrillization of fulllength tau as judged by electron microscopy (EM) and ThS fluorescence. These compounds included phenothiazines, polyphenols and porphyrins (Figure 1 ). In the same year, another research team conducted a large-scale screen of ~200,000 compounds in an assay in which heparin-promoted fibrillization of a tau fragment comprised only of three MT-binding repeats (termed K19) was monitored by ThS fluorescence. A number of anthraquinones, including the anti-cancer drugs daunorubicin and adriamycin, were identified as inhibitors of tau fibril formation (Figure 1 ). Further analyses revealed that these compounds also blocked fibrillization of a peptide comprised of all four MT-binding repeats (K18), as well as of full-length 3-R tau, although there were minor differences in compound potency with the different tau species. Generally, the anthraquinones could also induce disassembly of preformed tau fibrils, although in all cases the molecules were much more effective in disaggregating the shorter tau fragments than full-length tau. Finally, one of the anthraquinones (emodin; Figure 1 ) was demonstrated by the Mandelkow laboratory to reduce tau aggregates in N2a neuroblastoma cells that over-express K18 containing an FTLD-17 mutation. They also demonstrated that certain N-phenylamines initially identified in their screening effort could inhibit the formation of tau aggregates and reduce pre-existing tau inclusions in the N2a cell model ).
The Mandelkow team has subsequently identified two additional classes of tau aggregation inhibitors. Using a pharmacophore model ) that was derived from the active compounds identified in their prior high-throughput screening (HTS) effort, a phenylthiazolylhydrazide (PTH) compound was predicted to be active and was subsequently shown to prevent tau fibrillization . Further medicinal chemistry efforts led to the synthesis of additional active analogs (Figure 1 ), and these were found to cause disassembly of preexisting K18 fibrils. Moreover, several of the PTH compounds prevented tau aggregation in the N2a cell model. Although the PTH compounds appeared to be free of overt cellular toxicity, the researchers did find that one of the more potent members of this series showed irreversible binding to immobilized K18. It is unclear if covalent interaction with tau is a general property of this class of inhibitor. An additional rhodanine series of tau fibril inhibitors (Figure 1 ) was also identified . Synthesis of a number of analogs resulted in the identification of key structural elements within this class that were important for activity. As with the PTH series, the rhodanines also caused disaggregation of pre-formed K19 filaments, and several compounds from this chemotype were shown to reduce tau aggregates in N2a cells.
ADDITIONAL TAU ASSEMBLY INHIBITORS
Our laboratory conducted HTS of ~51,000 compounds in an assay of heparin-induced K18 fibrillization . Tau fibril formation was monitored via thioflavine T (ThT) binding and fluorescence, and a non-fibrillizing K18 mutant obtained by substituting lysine 311 with aspartic acid was utilized as a negative control. Compounds that showed ≥40% inhibition of K18 fibrillization underwent secondary analyses (Fig. 2) to confirm fibril inhibition through an evaluation of the amount of material that sedimented upon centrifugation as well as EM examination of this insoluble material. Eleven compounds were identified that were judged to be effective inhibitors of tau fibril formation in both the primary screen and secondary assays, with these molecules falling into eight structural classes . Among these active entities were examples from previously described compound classes, including anthraquinones, sulfonated dyes, porphyrins, and phenothiazines, as well as new scaffolds including quinoxalines and pyrimidotriazines. Interestingly, several of the active compounds required the presence of dithiothreitol (DTT) in the reaction mixture for activity . One possible explanation for this DTT-dependence is that the compounds formed peroxides in the presence of DTT that inhibit tau fibrillization. Among the compounds that were active inhibitors of K18 fibril formation in the absence or presence of DTT were members of a novel quinoxaline series (Figure 1 ). These molecules were of particular interest due to their uniqueness and compliance with standard physical-chemical parameters that define drug-like molecules (Lipinski, 2000) . A bioinformatic analysis of the screening library revealed 200 additional entries that contained the quinoxaline scaffold. However, all of these analogs showed little activity when tested at 10 µM concentration in the K18 fibrillization assay. Thus, activity seemed to depend on the presence of the 2,3-di(furan-2yl) moieties that were found on the two active quinoxalines, but additional medicinal chemistry efforts will be required to achieve a further understanding of the structure-activity relationships (SAR) within this chemical series.
In an effort to explore a significantly greater number of chemical scaffolds, we have recently completed quantitative HTS of nearly 300,000 compounds in collaboration with the Chemical Genomics Center at the National Institutes of Health (Crowe et al., 2009 ). All compounds were analyzed in the absence of DTT at six concentrations in a 1536-well screening format in which heparin-facilitated fibrillization of K18 with the P301L mutation (K18PL) was assessed by ThT fluorescence. In addition, the screen also incorporated a unique fluorescence polarization (FP) endpoint that allowed for the measurement of smaller tau multimers. The FP assay depends on the incorporation of Alexa Red-labeled K18PL into newly formed tau multimers, with the rotational freedom of the Alex Red probe slowing as tau multimers grow in size, thereby resulting in an increased FP signal (depicted in Figure 3 ). We observed a time-dependent increase of FP in the K18PL fibrillization assay that plateaued after 6-7 hours (Fig. 3) , matching the overall kinetics of fibril formation as assessed by ThT fluorescence.
A total of 285 compounds were identified from the screening campaign that showed full dosedependent inhibition of both the FP and ThT signals, and many of these active molecules belonged to previously described classes of tau fibril inhibitors. Essentially all of the active compounds had IC 50 values of 1-10 µM in the FP and ThT assays, and as 15 µM K18PL was employed in the reactions, it would appear that nearly equimolar amounts of inhibitory compound were required to prevent tau oligomerization/fibrillization. Of particular note was a new aminothienopyridazine class of inhibitors that had drug-like physical-chemical features (see generic structure shown in Figure 1 ). Several analogs of this series were synthesized and tested, and certain structure-activity relationships were defined (Crowe et al., 2009 ). This series is being further explored as the features of certain of these compounds suggest that they may have good brain penetration and oral bioavailability.
SUMMARY OF TAU FIBRILLIZATION INHIBITORS
A number of inhibitors of tau fibril formation from multiple chemical classes have been identified, with most of these discovered over the last five years. To date, there has not been a peer-reviewed publication in which a tau fibrillization inhibitor has been tested in one of the several established tau transgenic mouse models . Thus, although an inhibitor of tau assembly has conceptual appeal, it remains to be demonstrated whether any of the existing candidate compounds reduce tau deposition in vivo. Moreover, it is also unknown if a compound that diminishes somatodendritic tau inclusions will result in meaningful improvements of memory or learning. The generation of such proof-of-principle data will require that compounds have appropriate chemical and biological properties, including good pharmacokinetic behavior, adequate CNS exposure and a lack of toxicity. Unfortunately, many of the existing tau fibrillization inhibitors have chemical or biological features that are likely to preclude them from testing in tau transgenic models, and thus it will be critical in the nearterm to identify compounds with good blood-brain barrier (BBB) penetration, suitable half-lives (e.g., >2-3 hrs in mice) and reasonable safety so as to allow for multi-month assessment in mouse tauopathy models.
Another consideration in the evaluation of tau assembly inhibitors is the concentration of compound that will be required to interrupt multimerization in vivo. Many of the published tau fibrillization inhibitors require concentrations that are approximately equimolar to the amount of tau used in the assays. This is not surprising, as it is likely that these compounds block tau assembly by interacting with tau monomers, small oligomers or protofibrils. It is estimated that intraneuronal tau concentrations are low µM and that under normal circumstances >99% is bound to MTs (Congdon et al., 2008) . Although the amount of free tau is almost certainly increased in tauopathies (and animal models thereof) due to reduced MT binding, it is not unreasonable to assume that free tau concentrations are sub-µM in affected neurons. It should thus be possible to achieve efficacious CNS drug levels with compounds that readily penetrate the BBB.
Assuming that tau fibrillization inhibitors emerge that are suitable for efficacy testing in transgenic mice, it will be important to understand how these molecules interrupt tau assembly. It is presently unclear whether mature tau fibrils or smaller tau multimers confer toxicity, as certain data support a role for the latter species (Brunden et al., 2008) . If diffusible tau multimers (e.g., dimmers or oligomers) are harmful, a compound that blocks fibril formation but allows the formation of multimers may actually exacerbate tau pathology. Similarly, a compound that disrupts existing fibrils may prove to be detrimental if pathologic tau multimers are released. On the other hand, it is possible that the primary cause of tau-mediated toxicity is LOF due to its sequestration into fibrils. In this case, fibril disruption might be desirable and compounds that increase both oligomer and monomer levels could be acceptable. Given the uncertainty of the mechanism of tau toxicity, it would seem that compounds that inhibit initial tau-tau interactions so that no multimeric species are formed would be the most desired. Unfortunately, there has been very little characterization of the tau species that are formed in the presence of the existing repertoire of fibrillization inhibitors, and such information will likely be critical to the full interpretation of in vivo efficacy studies. We are thus in the early stages of tau drug discovery, particularly as it relates to the development of tau assembly inhibitors. However, the pace of this research has increased considerably over the last several years, and in view of concerns about the clinical failure of several Aβ-directed therapies, it seems likely that increasing attention will be focused on therapeutic approaches that target tau-mediated neurodegeneration. It is therefore hoped that one or more prototype compounds resulting from these efforts will soon undergo in vivo efficacy and safety testing. A unique quinoxaline (113F08) identified from HTS of ~51,000 compounds (Crowe et al., 2007) underwent A) a full-dose response analysis in a K18 tau fibrillization reaction as monitored by ThT fluorescence. B) K18 fibrillization reaction mixtures that were incubated with increasing concentrations of 113F08, as indicated, were subjected to centrifugation and the supernatant and pellet fractions were subjected to SDS-PAGE followed by densitometry to ascertain the amount of K18 in each fraction. The black and white bar graph for each concentration represents the percentage of K18 that was in the pellet and supernatant fractions, respectively. Much more soluble K18 was found in the samples containing 2.5 and 20 µM compound, and the pellet fraction from these samples had significantly fewer K18 fibrils as judged by EM than the samples containing lower concentrations of 113F08. A FP assay was utilized to monitor tau assembly in which Alexa Red-labeled K18PL was mixed at a 1:62.5 molar ratio with unlabeled K18PL. A) Upon addition of heparin and initiation of tau assembly, Alexa Red-labeled K18PL is incorporated into tau multimers, thereby decreasing the rotational freedom of the fluorescent label with a resulting increase in FP signal. B) FP signal as a function of time in a K18PL fibrillization reaction.
